Tip Force during Blossoming of Coiled Deployable Booms by Hoskin, Adam et al.
Tip Force during Blossoming of Coiled Deployable
Booms
Adam Hoskina, Andrew Viquerata,∗, Guglielmo S. Agliettia
aUniversity of Surrey, Guildford, Surrey, England, GU2 7XH
Abstract
Deployable booms are an essential part of the deployable structures family used
in space. They can be stowed in a coiled form and extended into a rod like
structure in an action similar to that of a carpenter’s tape measure. “Blossom-
ing” is a failure mode that some boom deployers experience where the booms
uncoil within the deployer instead of extending. This paper develops a method
to predict the force that a boom can exert before blossoming occurs by using
the strain energy stored in the coiled boom and in the compression springs.
An experimental apparatus is used to gain practical results to compare to the
theory.
Keywords: Deployable booms, tape springs, solar sailing, drag deorbiting,
blossoming.
1. Introduction
Deployable structures have been essential for space applications due to the
limited volume available in launch vehicles and the requirements of large el-
ements once in space such as: solar panels, solar sails and antennae. Coiled
deployable booms developed from an invention by George Klein, working at
the National Research Council of Canada. The original application was a ra-
dio beacon that would be dropped by military aircraft and deploy an aerial
once on the ground [1]. This initial design developed into the Storable Tubular
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Extendible Member (STEM) manufactured by the De Havilland Aircraft com-
pany of Canada for use as antennae on Canada’s Alouette 1 satallite [2]. Further
work was carried out by Rimrott to characterise the properties of STEM booms,
including the bending stiffness, the torsional stiffness, and the boom self deploy-
ment speed [3, 4, 5]. While the cross section of STEM booms usually subtended
angles of at least 360°, making them tubular in shape, booms with smaller
subtended angles were also developed for other purposes, such as deployable
membrane reflectors [6] or as hinges for deployable panels [7, 8]. These booms
with smaller subtended angles were termed tape springs. For these applications
a deeper understanding of the moment - bend angle relationship was needed
to model the deployment dynamics of the booms so the behaviour of the panel
and reflector could be predicted [9]. The use of glass fibre and carbon fibre
composites in booms enabled a further development. An invention by Andrew
Daton-Lovett used composite materials to create booms that exhibited bistabil-
ity, enabling a boom that was stable in its deployed state but also in its coiled
state [10, 11, 12, 13, 14]. This allowed booms to be coiled and stored without
any constraints, which is useful in a number of applications. Bistability can also
be created in booms made of isotropic material by prestressing the boom during
manufacture [15]. Different cross section booms have also been developed for
different applications such as the lenticular DLR boom [16, 17], and the Tri-
angular Rollable And Collapsible (TRAC) boom [18]. More recently there has
been a growing interest in the use of coiled deployable booms for solar sailing
missions such as NanoSail-D2 [19], LightSail [20], DeorbitSail [21] and Inflate-
Sail [22]. At the Surrey Space Centre the CubeSail solar sailing mission [23]
uses four coiled deployable booms to deploy four triangular sails. During de-
ployment testing a problem occurred when the booms would uncoil inside the
deployer instead of deploying the sails. This issue was termed “blossoming”
and had been encountered in missions with similar deployer designs [20, 21, 24].
Section 2 describes the blossoming problem in more detail. Section 3 describes
a method using the strain energy in the coiled boom and compression springs
to estimate the tip force during blossoming. This method has been developed
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using tape spring booms with a subtended angle of less than 180° for simplicity
and as a proof of concept. Further work would be needed to extend this method
to other boom types and to capture possible effects that other boom cross sec-
tions might exhibit. Section 4 explains how the experimental apparatus works.
Section 5 compares the practical results to the theory described in Section 3,
and Sections 6 and 7 discuss the results and conclude the paper.
2. Blossoming
This section describes the blossoming problem that can occur when using
deployable booms. The most common example of a deployable boom is a car-
penter’s tape measure. In its unstrained, deployed state a tape measure has a
curved cross section which increases its stiffness, helping it maintain its shape
when in a cantilevered load state. When coiled around a spindle, the cross sec-
tion becomes flat and the tape becomes curved in the longitudinal direction.
Some deployable booms are stored in a deployer; this is a mechanism that con-
strains the boom until it is ready to be used, then aids the deployment process.
CubeSail [23] has four booms that deploy four triangular sails to form a square
solar sail as shown in Figure 1. The CubeSail deployer and other similar de-
ployers have booms that are co-coiled around a single central spindle as shown
in Figure 3. The four booms are attached to the central spindle at 90° to one
another, they form a coil and exit the deployer at 90° intervals. Compression
rollers stop the coil from expanding and guide rollers guide the booms out of the
deployer. Figure 2 shows a simplified version of a deployer with a single boom.
During normal operation a motor turns the central spindle and the coiled boom
is deployed. The part of the boom on the outside of the coil leaves the deployer
and changes to its unstressed state with a curved cross section. As the boom
coil shrinks in size, the compression springs extend. This maintains the force
applied by the compression rollers to the outside of the coil to prevent it ex-
panding.
During deployment testing it was found that blossoming would occur. This is
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when the central spindle turns but the coiled boom stops deploying and instead
unwinds within the deployer, as shown in Figure 2. A similar motion happens
with the four co-coiled booms as seen in Figure 3. This causes the mechanism
to jam and can damage the booms.
(a) (b) (c)
Figure 1: The deployment sequence of CubeSail. (a) The four booms are co-coiled around
the central spindle inside the deployer. The folded sails sit on top of the deployer (omitted
for clarity). (b) CubeSail part way through deployment; the central spindle turns, the booms
extend and deploy the sails (two sails are omitted). (c) The fully deployed booms and sails.
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Figure 2: The top two diagrams show the normal deployment of a coiled boom. The coil and
central spindle turn at the same rotational speed. On the outside of the coil the boom changes
into its deployed state and is guided through the guide rollers and out of the deployer. As
the boom coil decreases in diameter the compression rollers move towards the centre of the
spindle, keeping a force on the outside of the coil. The bottom two diagrams show blossoming.
The sail tension has become too great for the deployer causing the tip of the boom to stop
moving. In this instance the central spindle turns but the rotation of the outside of the coil
slows or stops, instead the coil grows inside the deployer.
(a) (b)
Figure 3: (a) The Cubesail deployer before deployment. (b) The deployer after blossoming.
The coil has expanded, leaving gaps between the coiled booms and the central spindle.
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During the early stages of the CubeSail testing program the deployer worked
satisfactorily without the sails attached. When the sails were added, and the
booms and sails were deployed, blossoming started to occur. Figure 4 shows the
torques and forces within the deployer. The solid arrows represent the forces and
torques applied by the boom, and the dotted arrows are the forces and torques
applied to the boom. An unconstrained coiled boom will tend to uncoil and
requires torques applied at either end to prevent this. As the coil changes from
a coiled state to a deployed state it has a reduction in strain energy, this leads to
a self deployment torque (Tsd) in the transition region on the outside of the coil.
The guide roller opposes this torque with a force at a distance from the coil.
The other end of the coil is attached to the central spindle. The coiled boom
would change to a lower energy state if the central spindle turned clockwise,
this leads to a central spindle torque (Tcs). In the CubeSail deployer there is a
motor that controls the rotation of the central spindle, this motor opposes the
central spindle torque. When there is no tip force the self deployment torque
and the central spindle torque are equal and opposite to one another. During
deployment the boom extends and uncoils the sails. As the sails are uncoiled
and unfolded they will offer some resistance to the boom’s extension. This is
shown as sail tension in Figure 4. The boom tip force arises from overcoming
the sail tension and is equal and opposite to it. The deployer can produce a
certain tip force but if the sail tension is too great the deployer will blossom.
This paper describes a model that predicts how much tip force a deployer can
provide before it blossoms. There are three contributions to the force that a
boom can provide before blossoming: the energy minimum within the coiled
boom, the compression spring energy, and the friction between the layers of the
boom. The friction within the coil is not examined in this paper but its effect
can be seen in the results as an increase in the tip force as the compression roller
force was increased.
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Figure 4: Torques and forces applied to and by a coiled boom. The dotted arrows represent
the forces and torques applied to the boom. The solid arrows represent the torques and forces
applied by the boom.
3. Energy Method
Work carried out on the self-deployment of STEM booms [25, 5, 26, 27]
resulted in the development of a method that used the strain energy stored in
the coiled boom to predict the force that drove the extension. By using the
force and taking into account the inertia of the boom, the deployment speed
and time could be calculated. The following model uses a similar energy method
but links the change in coil radius to the change in length of the boom within
the deployer as blossoming occurs.
When a tape spring boom is coiled and the angle subtended by the coil is fixed, it
will try and form a circle that has the same radius as its natural cross section due
to its energy minimum in that state [28, 29]. A further force is needed to hold
the coiled boom at a radius other than its energy minimum. This means that
a coiled boom has an inherent resistance to blossoming if the central spindle
has a radius that is the same or greater size than the natural radius of the
boom. A first approximation of the force that a coiled boom will exert when
held at different radii is presented in a previous paper [29] and below. This
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initial method approximates the spiral shape of the coil as a circle to simplify
the analysis. In this paper the method is extended to incorporate the spiral
geometry of the coiled boom and the strain energy stored in the compression
springs to predict the tip force as blossoming occurs.
3.1. Strain energy in a coiled tape spring
If moments are applied to the ends of a tape spring it will act like a beam and
form a curved shape along its length. If the moment tends to bring the concave
faces of the tape spring together it is termed “equal sense” bending, if the convex
faces are bought together it is called “opposite sense” bending. Figure 5 shows
diagrams of equal and opposite sense bending [30]. If the moment applied is
greater than a critical value, it will snap through in the case of opposite sense
bending, or fold by torsional buckling in the case of equal sense bending [31].
When this happens a local bend is formed as shown in Figure 5. The bent section
of the tape spring is almost flat in cross section and there are two transition
zones where the cross section changes from curved to flat. These transition
zones are called ploy regions and the strain energy associated with these zones
is ignored in the following calculations, as although the ploy region may move as
the bend angle is changed, the strain energy within the region can be taken as
constant [32, 33]. Even though the transition zones move along the tape spring,
they are a constant feature and do not change shape, therefore no strain energy
is gained or lost.
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Figure 5: The left two diagrams show equal and opposite sense bending of undeformed tape
springs. The diagram on the right shows a side view of a tape spring that has deformed under
opposite sense bending. The bend has a radius rx and subtends and the angle θ. Both end
regions have the cross section A - B and are unstrained.
The strain energy U stored in the curved part of a tape spring can be de-
scribed using Equation 1 [28, 34]. D is the flexural rigidity of a plate. A is
the mid-surface planform area of the bent part of the boom. κx and κy are the
curvatures along the length of the boom and laterally respectively.
U =
1
2
DA[(∆κx)
2 + (∆κy)
2 + 2ν(∆κx∆κy)] (1)
For opposite sense bending as shown in Figure 5 the changes in curvature are:
(∆κx,∆κy) =
(
1
rx
,
1
ry
)
(2)
Where rx is the coil radius and ry is the unstressed cross section radius of the
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boom as shown in Figure 5. This leads to:
U =
DA
2
[
1
r2x
+
1
r2y
+
2ν
rxry
]
(3)
Where the mid-surface planform area of the curved section is given by:
A = brxθ (4)
Where b is the tape width and θ is the angle subtended by the coil. Combining
Equation 3 and Equation 4, and rearranging results in:
U =
Dbθ
2
[
1
rx
+
rx
r2y
+
2ν
ry
]
(5)
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Differentiating Equation 5 with respect to rx gives:
dU
drx
=
Dbθ
2
[
1
r2y
− 1
r2x
]
(6)
This is the change in coil strain energy with respect to the coil radius and
is zero when rx = ry. It can be shown that the strain energy is at a minimum
when rx = ry by taking the second derivative of Equation 5 and confirming that
it is positive:
d2U
dr2x
=
Dbθ
2
[
2
r3x
]
(7)
The radius of a coiled boom is significantly larger than its thickness. There-
fore the radius can be considered constant as a first approximation for a coiled
boom with a small number of turns. As shown in Figure 6, the initial length
of the boom in the coiled state will be rx1θ. If the angle subtended by the coil
is kept constant and the tape spring tip is extended away from the coil, the
radius will change. The change in length is related to the change coil radius by
L = (rx1 − rx2)θ.
Ɵrx1 Ɵrx2
L
Figure 6: Coil geometry. As the tip of the boom is extended the coil radius decreases.
The change in coil strain energy as the coil radius changes shown in Equation 6
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can be modified to a change in strain energy for a given extension or compression
of the tape spring with the following relationship between the radius and the
length of the coil:
dU
drx
drx
dL
=
dU
dL
L = rθ ⇒ drx
dL
=
r
L
=
1
θ
(8)
Combining Equation 6 and Equation 8 gives the relationship between the coil
radius and the boom tip force (F ):
F =
dU
dL
=
Db
2
[
1
r2y
− 1
r2x
]
(9)
A coiled tape spring with a fixed subtended coil angle can be thought of as a
spring with a non linear stiffness which is dependant on the coil radius. As with
a linear coil spring the rate of change of energy with respect to the displacement
gives the force, as shown in Equation 9. Equation 10 shows that the tip force
reaches a maximum as rx →∞:
dU
dL
max =
Db
2
[
1
r2y
]
(10)
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When a tape spring is bent at an angle the curved section (described by rx)
will have the same radius as the natural curvature of the lateral cross section
(ry). This is due to an energy minimum when rx = ry [28]. Figure 7 is plotted
using Equation 3 and shows this energy minimum at rx = ry.
Figure 7: Energy minimum for equal and opposite sense bending; the gradient is the same for
both but the value of the energy is greater for the opposite sense bending. Tape parameters:
width = 31.75 mm, thickness = 0.13 mm, bend angle = 180°, natural radius (ry) = 15.9 mm,
Young’s modulus = 205 GPa and Possion’s ratio = 0.3. The vertical line denotes the coil
radius of the energy minimum for equal and opposite sense bending.
A coil will also have an energy minimum when rx = ry. When there are only
a small number of turns the average radius of a coil can be approximated as a
circle due to the thickness of the tape spring being small compared to the radius
of the coil. When a larger number of turns are used, this simplification breaks
down due to the outside of the coil being at a significantly larger radius than
the inside. Equation 5 is used to plot Figure 8a. This shows the strain energy
in a coiled boom held at different radii following the motion shown in Figure 9b.
The angle subtended by the coil is constant but the length and radius of the
boom in the coiled state increases. Figure 8b is plotted using Equation 9 and
shows the tip force with the coil held at different radii. It shows there is no tip
force when the energy gradient is zero and that the tip force increases as the
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energy gradient increases.
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(a) Energy contained within the coiled part
of the tape spring held at different radii (rx).
The coil has 6 turns.
(b) Tip force of a coiled tape spring held at
different radii (rx). The coil has 6 turns.
Figure 8: Energy and force graphs for a coil with the following parameters: width = 31.75
mm, thickness = 0.13 mm, natural radius (ry) = 15.9 mm, Young’s modulus = 205 GPa and
Possion’s ratio = 0.3.
Figure 11a plots the tip force against the length of the boom compressed.
A zero tip force corresponds to the coil radius being equal to the natural tape
spring radius. As the tape spring is compressed the coil radius increases. Ini-
tially there is a steep increase in the tip force but as the tip is displaced further
the force plateaus. Equation 9 can also be plotted against the angle turned by
the central spindle instead of the length of the boom that has been compressed.
This gives a force if the central spindle is uncoiled and the tip of the boom is held
stationary as shown in Figure 9c. This is a closer representation of blossoming
than fixing the central spindle and compressing the boom, shown in Figure 9b.
Figure 10 compares the two methods.
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(a) (b) (c)
Figure 9: (a) A coiled boom in its initial state. (b) The force a coiled boom will exert if
the central spindle is held stationary and the end of the boom is compressed causing the coil
diameter to expand. (c) The force a coiled boom will exert if the central spindle is turned and
the end of the boom is held stationary causing the coil diameter to expand.
If the boom compression is continued or the central spindle is turned fur-
ther, the coil will continue to expand. The larger the outer radius of the coil
the larger the force exerted by the tip of the boom will be. Equations 9 and 10
show that this will reach a maximum when rx is infinite (there is no coil curva-
ture). Figures 10a and 10b show how the tip force approaches the maximum as
blossoming occurs.
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(a) Force vs compression. The coil has 6
turns.
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(b) Force vs angle turned by the central spin-
dle. Initially the coil has 6 turns.
Figure 10: Force graphs for a coil with the following parameters: width = 31.75 mm, thickness
= 0.13 mm, natural radius (ry) = 15.9 mm, Young’s modulus = 205 GPa and Possion’s ratio
= 0.3.
3.2. Sprial Geometry
When a tape spring is coiled it will take on a shape that can be approximated
as a Archimedean spiral. An Archemedian spiral can be described using the
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following equations [35]. The radius is given by:
r(θ) = aθ (11)
The curvature:
κx(θ) =
2 + θ2
a(1 + θ2)
3
2
(12)
The length:
s(θ) =
1
2
a(θ
√
1 + θ2 + sinh−1(θ)) (13)
Where a2pi is the distance between each layer of the coil and θ is the angle
subtended by the coil as shown in Figure 11.
s
θ
 a
2π
r  ≈ 1
     κx
Figure 11: The length (s), radius (r), and curvature (κ) of a section of an Archemedian spiral
that subtends the angle (T).
To find the strain energy stored in a coil with spiral geometry Equations 11-
13 are used to find the curvature along the length of the boom using the software
MATLAB [36]. Using a trapezoidal method the area under a length - curvature
plot could be found. This area is used along with Equation 3 to find the strain
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energy in a coiled tape spring. The gradient of the coil energy with respect to
the length extended can also be found in MATLAB to give the tip force using
spiral geometry.
3.3. Comparison between circle and spiral geometry
In the previous section the radius of the coil (rx) was approximated to be
constant along the whole length of the coiled boom. As previously mentioned
for a coil with a small number of turns this is a good approximation, but as
the number of turns in the coil increases the radius will vary from the centre
to the outside of the coiled boom, so this approximation is no longer accurate.
A comparison of the strain energies of a coil using spiral geometry and the
approximation to the coil having a single radius is shown in Figure 12. This
figure is assuming a constant number of turns in the coiled boom and changing
the length and radius of the coil as shown in Figure 8. It shows that to get to
the energy minimum, the inner radius of a coil using spiral geometry will be
at a smaller radius than if the simplification to the coil being a circle is used.
The reason for this is illustrated in Figure 13. If a spiral geometry is used and
the inner radius is set at the natural radius for the tape spring, most of the
boom will be at a larger diameter than the natural radius. If the central spindle
is smaller than the natural radius the energy minimum will be achieved when
some of the coil is at a radius smaller than the natural radius and some is at a
larger radius, as shown in Figure 13b.
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Figure 12: A comparison between the circle and spiral method of finding the strain energy
stored in the coil. The vertical line denotes the boom’s natural radius. Tape spring: width =
31.75 mm, thickness = 0.13 mm, Young’s modulus = 205 GPa, Poisson’s ratio = 0.3, number
of turns = 30 and natural radius (ry) = 15.9 mm.
rx=ry
rx<ry
rx>ry
(a) (b)
Figure 13: (a) A simplified version of the coil with a constant radius. (b) The coil using spiral
geometry in a configuration that allows it to obtain its strain energy minimum; the inner
radius of the coil is less than the natural radius and outer radius is larger than the natural
radius.
Figure 12 shows that the circle and spiral geometry are similar in energy but
the spiral energy is translated to the left a small amount. When simplifying the
coil spiral to a constant radius the tip force can be found by using Equation 9.
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When using the spiral geometry the gradient of the strain energy in the coil
has to be used to find the tip force. Figure 14 shows the initial force using the
spiral geometry is slightly greater than the force using the circle theory. This is
because most of the coiled boom is at a radius larger than the natural radius of
the tape spring and if the coil was not constrained by the central spindle, whose
diameter is set at the natural curvature, then the coil would move to a smaller
radius. This larger radius and hence higher strain energy in the outer parts of
the coil is responsible for the slightly higher tip force. Figure 15 shows a similar
trend.
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Figure 14: Shows a comparison between the circle and spiral method of finding the tip force
at different radii. Tape spring: width = 31.75 mm, thickness = 0.13 mm, Young’s modulus
= 205 GPa, Poisson’s ratio = 0.3, number of turns = 20 and natural radius (ry) = 15.9 mm.
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Figure 15: Shows a comparison between the circle and spiral method of finding the tip force as
the central spindle is turned. Tape spring: width = 31.75 mm, thickness = 0.13 mm, Young’s
modulus = 205 GPa, Poisson’s ratio = 0.3, number of turns = 20 and natural radius (ry) =
15.9 mm.
3.4. Addition of compression springs
The coil has a natural resistance to blossoming if the coil radius is the same or
greater than the tape spring’s natural radius, this is enhanced with the addition
of compression springs. As blossoming occurs, the outside of the coil expands
which compresses the compression springs. Equation 14 gives the general case of
the strain energy stored in a compression spring where, k is the spring stiffness
and x is the displacement of the spring.
U =
1
2
kx2 (14)
MATLAB is used to map the change in coil radius to the displacement of
the compression springs. This gives the strain energy stored in the compression
springs as blossoming occurs. In a similar way to the earlier analysis, the gradi-
ent of the combined strain energy of the coil and the compression springs with
respect to the boom length extended gives the force exerted by the tape spring
tip. The following figures show the effect that adding the strain energy from the
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compression springs has on the boom tip force. These cases use torsion springs
which force compression arms onto the coil as shown in Figure 19. Figure 16
shows how the force during the compression of the boom is increased due to
the addition of compression springs. Figure 17 compares the force as the cen-
tral spindle is turned with the tip fixed for just the coil, and with the coil and
compression springs without any pretension. Figure 18 shows the comparison
between the coil, and the coil and compression springs with a 2 N preload.
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Figure 16: Shows a comparison between spiral geometry with and without compression
springs. Tape spring: width = 31.75 mm, thickness = 0.13 mm, Young’s modulus = 205
GPa, Poisson’s ratio = 0.3, number of turns = 6 and natural radius (ry) = 15.9 mm. 4
compression springs with a torsional stiffness of 150 Nmm/rad and compression arm length
of 88 mm. The compression spring pretension angles are adjusted so that the compression
rollers each initially apply a 2 N force onto the coil.
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Figure 17: A comparison between a spiral, and spiral with compression springs with no
pretension. Tape spring: width = 31.75 mm, thickness = 0.13 mm, Young’s modulus = 205
GPa, Poisson’s ratio = 0.3, number of turns = 6 and natural radius (ry) = 15.9 mm. 4
compression springs with a torsional stiffness of 150 Nmm/rad and compression arm length
of 88 mm. The compression spring pretension angles are adjusted so that the compression
rollers each initially apply no force onto the coil but the compression roller force increases as
the coil expands.
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Figure 18: A comparison between a spiral and spiral with compression springs with 2N of
pretension. Tape spring: width = 31.75 mm, thickness = 0.13 mm, Young’s modulus = 205
GPa, Poisson’s ratio = 0.3, number of turns = 6 and natural radius (ry) = 15.9 mm. 4
compression springs with a torsional stiffness of 150 Nmm/rad and compression arm length
of 88 mm. The compression spring pretension angles are adjusted so that the compression
rollers each initially apply a 2 N force onto the coil.
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4. Experimental Investigation
To test the theory presented in Section 3 an experimental apparatus was
created, as shown in Figure 19. The apparatus has a central spindle that is
connected to an electric motor so the angle of the spindle can be accurately
controlled and turned in measured increments. Spring arms with compression
rollers apply four localized forces to the outside of the coil. The compression
arms are forced onto the coil by torsion springs; the torsion spring angle can
be changed to give different compression roller pre-tension. The tips of the
booms are attached to force sensors which measure the force applied by the
booms. The central spindle was turned while the tips were held stationary
by the force sensors, causing blossoming to occur. The central spindle was
turned in increments of 110 of a turn, giving a tip force for different rotation
angles of blossoming. The tip force was only measured during the deployment
phase where the central spindle was attempting to deploy the boom. After each
experiment the central spindle was rewound to its initial starting position.
force sensorforce sensor
compression roller
compression arm spring
compression arm
coiled booms
central spindle
Figure 19: Detail of blossoming experimental apparatus.
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5. Results
This section details the experiments carried out and compares the results
to the theory presented in Section 3. There were two different sized booms;
their details are shown in Table 1. The wider boom was only long enough to
perform experiments with 5 turns around the central spindle, but the narrower
boom was long enough to carry out experiments with 5, 10, 15 and 20 turns.
Both booms were attached to central spindles that were slightly larger than
their natural curvature, 30 mm diameter for the wider boom and 40 mm for
the narrower boom. For each boom, compression force and number of turns,
three tests were carried out to make sure the results were consistent. Most of
the practical results seem to give consistent tip forces on each of the three tests
but some show more scatter, such as in Figure 29. After each experiment the
central spindle was returned to its starting position. The booms did not always
coil in exactly the same fashion each time meaning that sometimes there was a
non zero tip force when the central spindle was in its start position. The force
sensors have a small amount of positional adjustment to start the experiment
with zero force. The scatter seen in Figure 29 comes from the minor differences
in the initial position of the tips or if the coil is not completely concentric about
the central spindle. This leads to one tip creating a higher tip force and the
other creating less of a force.
Table 1: Table of boom properties
Boom b (mm) t (mm) ry(mm) E (GPa) ν Number of turns
1 31.8 0.13 12.5 205 0.3 5
2 25.4 0.13 17.5 205 0.3 5, 10, 15 and 20
The photo sequence in Figures 20 to 22 shows an experiment at different
stages of blossoming for a single boom, using boom 1. As is evident from the
photos, the coiled boom formed an offset circle shape due to its attachment to
the spindle on one side. In the results for this boom (Figures 26 and 27) it
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can be seen that this shape caused a periodic increase and decrease in tip force.
While this undoubtedly had some effect on the results, the general trend still
seems to match the theory well. When two booms are used they are attached
to the spindle at 180° to one another. This stops the coil forming an offset
circle, instead the central spindle and the coiled booms remain concentric as
blossoming occurs, this can be seen in Figures 23 to 25.
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(a) 0 turns of blossoming. (b) 0.5 turn of blossoming.
Figure 20: A single boom with 5 turns during blossoming, using boom 1.
(a) 1 turn of blossoming. (b) 1.5 turns of blossoming.
Figure 21: A single boom with 5 turns during blossoming, using boom 1.
(a) 2 turns of blossoming.
Figure 22: A single boom with 5 turns during blossoming, using boom 1. The coil has
increased significantly in diameter due to the small number of coils.
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(a) 0 turns of blossoming. (b) 0.5 turns of blossoming.
Figure 23: Two booms with 20 coils during blossoming, using boom 2.
(a) 1 turn of blossoming. (b) 1.5 turns of blossoming.
Figure 24: Two booms with 20 coils during blossoming, using boom 2.
(a) 2 turns of blossoming.
Figure 25: Two booms with 20 coils during blossoming, using boom 2. The coil has not
increased significantly in diameter due to the large number of coils.
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Figure 26a shows a good correlation between the theory and practical results.
As only 5 turns were used, the diameter of the coil increased significantly as
blossoming occurred which lead to the increase in force shown in both the theory
and the practical results. The periodic increase and decrease in force seen in the
practical results due to the coil having an offset circle shape followed a similar
trend in all the cases with a single boom. Another trend was the increase in the
practical results above that predicted by the theory as the compression roller
force increased. This increase in force is thought to be due to the increased
friction within the coil caused by the higher compression spring force, making
it harder for the layers of the coiled boom to slide past one another.
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(b) 2N compression spring force.
Figure 26: Results for boom number 1, using a single boom and 5 coils.
4 4.5 5
Number of turns in coil, turns
0
1
2
3
4
5
T
ip
fo
rc
e,
N
Theory
Practial results
(a) 3N compression spring force.
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(b) 4N compression spring force.
Figure 27: Results for boom number 1, using a single boom and 5 coils.
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Figures 28 and 29 show similar trends to the results from the single boom.
The practical results follow the same increase in force during blossoming that
the theory predicts due to the increase in coil diameter. Also the same increase
in force above what the theory predicts is seen as the compression roller force
increases. However there is no periodic increase and decrease in force seen in the
single boom tests. This is because when the coil blossomed it stayed concentric
with the central spindle as shown in Figures 23 to 25.
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(a) 1N compression spring force.
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(b) 2N compression spring force.
Figure 28: Results for boom number 1, using two booms and 5 coils.
4 4.5 5
Number of turns in coil, turns
0
1
2
3
4
5
T
ip
fo
rc
e,
N
Theory
Practial results
(a) 3N compression spring force.
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(b) 4N compression spring force.
Figure 29: Results for boom number 1, using two booms and 5 coils.
When using boom number 2 the predicted and measured tip forces were
lower, this was due to the boom having a smaller width and thickness. The
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results for the 5 coil experiments with boom number 2 followed a similar trend
to the experiments carried out with boom number 1; the force increased as
blossoming occurred due to the significant increase in the diameter of the coil.
As seen before, the practical results for the larger spring compression forces
were higher than those predicted by the theory.
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(b) 2N compression spring force.
Figure 30: Results for boom number 2, using two booms and 5 coils.
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(b) 4N compression spring force.
Figure 31: Results for boom number 2, using two booms and 5 coils.
As the number of coils increased there was a smaller increase in force during
blossoming as shown in the theoretical and practical results in Figures 32 to 37.
This is due to the larger number of coils causing a smaller increase in coil
diameter during blossoming. Again there is the similar trend of the practical
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results having a higher force than predicted by the theory as the compression
roller force increased.
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(b) 2N compression spring force.
Figure 32: Results for boom number 2, using two booms and 10 coils.
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(b) 4N compression spring force.
Figure 33: Results for boom number 2, using two booms and 10 coils.
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Figure 34: Results for boom number 2, using two booms and 15 coils.
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(b) 4N compression spring force.
Figure 35: Results for boom number 2, using two booms and 15 coils.
19 19.5 20
Number of turns in coil, turns
0
1
2
3
T
ip
fo
rc
e,
N
Theory
Practial results
(a) 1N compression spring force.
19 19.5 20
Number of turns in coil, turns
0
1
2
3
T
ip
fo
rc
e,
N
Theory
Practial results
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Figure 36: Results for boom number 2, using two booms and 20 coils.
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Figure 37: Results for boom number 2, using two booms and 20 coils.
6. Discussion
The energy method theory correlated well with the practical results for low
compression spring forces. It predicted the increase in force as blossoming oc-
curred for a small number of coils, as shown in Figures 26a, 28a and 30a. This
increase in force is due to a significant increase in the outer diameter of the coil
and large displacement of the compression springs for a small number of coils.
The theory also predicted a smaller variation in tip force during blossoming
with a higher number of coils, as shown in Figures 32a and 34a. This smaller
change in force was due to the relatively small increase in coil diameter and
small displacement of the compression springs because of the higher number of
coils.
As the compression spring force increased, the experimentally measured forces
rose above those predicted by the energy method. This is thought to be because
of an increase in the pressure between the coil layers caused by the larger forces
from the compression rollers, increasing the interlayer friction and making it
harder for the coiled booms to slide past one another.
The force arising from the friction between the layers of the coil will always be in
addition to the force from the strain energy in the coiled boom and compression
springs. Therefore the strain energy force can be thought of as a minimum force
that the coiled booms and compression springs will produce before blossoming
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occurs, with the possibility of an additional force from the friction between
the coiled boom layers. An investigation into a friction model may be able to
predict the additional tip force that can be sustained by the boom given: the
compression roller force, the coil geometry, and the coefficient of friction of the
boom material. While the friction may contribute a significant portion of the
tip force when there are a large number of coils and a high compression roller
force; when the booms are just starting to deploy, it will play less of a role
when there are a smaller number of coils and a smaller compression roller force;
when the booms are almost completely deployed. With the addition of a friction
model this method could be used to find the maximum permissible tip force the
whole way through the deployment sequence; from a large number of coils at
the beginning to a small number at the end of the deployment.
7. Conclusion
In this article a method that takes into account the strain energy stored in
the boom coil and in the compression springs can be used to predict a boom’s
tip force during blossoming. The results show that when blossoming occurs
with a small number of coils there is a significant increase in tip force due to
the large increase in coil diameter. When there are a larger number of coils
the force increase during blossoming is less due to the smaller increase in coil
diameter.
For a low compression spring force the theory correlates well to the practical
results. As the compression spring force increases, the practical results show a
tip force above that expected by the theory. This is thought to be due to the
increase in friction between the layers of the coiled boom caused by the increase
in the force from the compression rollers.
Future work might include the development of a friction model to predict the
possible increase in tip force due to the friction within the coil. Other work
could investigate different boom cross sections and materials. The work carried
out so far has focused on tape spring booms with cross sections subtending less
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than 180° as a proof of concept but the same method could be extended to
other boom types. The DLR lenticular boom and the TRAC boom have cross
sections made of two parts, this may cause more complicated strains during
coiling that may be difficult to describe compared to a tape spring. The BOWL
boom has the same cross section shape as a tape spring but the carbon fibre
layup has been tailored to have a second strain energy minimum when coiled
to give it bistability. These different strain energy gradients at different radii
could be found but would be more complex than for an isotropic tape spring.
For these three boom types the current theory would make a good starting point
for further development.
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